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Abstract
According to recent experimental research, vanadium-carbide precipitates can improve hydrogen resistance and hardness
in steels. In the present article, density functional theory calculations are performed to study the structure and energetics
of iron–vanadium carbide interfaces and how hydrogen interacts with them. A comparison of the solubility of hydrogen
in different sites shows that hydrogen will tend to segregate towards the iron–vanadium carbide interface and that carbon
vacancies within a vanadium carbide precipitate behave as strong hydrogen traps. Additionally, it is shown that the
presence of hydrogen at an iron–vanadium carbide interface does not cause a significant embrittlement of the material.
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Introduction
Bearing steels need to cope with severe cyclic and static
loads, especially those generated by rolling contact fatigue.
Usually the type of steels that better comply with all these
requirements are those that are hardened via heat treat-
ments to contain a martensitic or bainitic structure. They
must also have high hardness, strength and toughness and,
due to the varying working environmental conditions, they
need to be resistant to corrosion and to the effects of hy-
drogen (H) [1].
In the case of bearing applications, H can penetrate the
steel due to the decomposition of the lubricant, the pres-
ence of water in the lubricant, fretting and/or other corro-
sion reactions. There is ample evidence that support the
fact that the presence of H in bearing steels leads to a
degradation of its mechanical properties, including the re-
sistance to fatigue regardless of the mode of loading [1–4].
Although there have been several mechanisms pro-
posed to explain the way that H causes embrittlement on
steels [5], in the case of bearings subjected to rolling con-
tact fatigue, recent work presents strong evidence that H
accelerates damage via the formation of white etching ar-
eas with associated cracks [6]. This supports the hypothe-
sis that H-enhanced localised plasticity [7] is the principal
H embrittlement mechanism in bearing steels [6].
The presence of transition metal carbides and nitrides
can affect the distribution of H in the steel matrix as
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well as hydrogen diffusivity. It has been suggested that
these particles may efficiently trap H and thus lower the
steel’s susceptibility to H embrittlement. For instance, a
tailored precipitation of vanadium carbide (VC) particles
was demonstrated to reduce the damage due to H embrit-
tlement [8].
In the present work, H trapping at the interfaces be-
tween VC and Body-Centred-Cubic (BCC) Fe matrix us-
ing first-principles calculations based on Density Func-
tional Theory (DFT) [9, 10] is investigated. The aim
is to determine whether these interfaces can act as effi-
cient traps for the immobilisation of H, as has been seen
in experiments [11–13] and in the TiC-Fe system [14]. Ad-
ditionally, we calculate the solubility of H at the VC-Fe in-
terface considering C-vacancies and we estimate the effect
of segregated H on the cohesive strength of the interfaces
via the theoretical work of separation.
The present article is divided into four parts. In the
first part, the computational details are summarised; in
the second part, the properties of individual phases are
presented; in the third part, the structure and energetics
of the clean interface is investigated; finally, in the fourth
part, the behaviour of hydrogen at the interface is studied.
1. Computational details
1.1. General simulation parameters
All calculations were performed by means of density
functional theory simulations [9, 10] using the ABINIT
code [15]. A Generalised Gradient Approximation
(GGA) [16–19] in the form given by Perdew, Burke and
Ernzerhof [20] was employed for the exchange-correlation
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and projector augmented wave (PAW) potentials [21–23]
were used to describe the core electrons. For all the sys-
tems, total energy convergence tests in terms of the k-
points, number of bands, temperature of smearing and
cut-off energy were performed using a convergence limit
of 4× 10−5Eh/atom, where Eh is the Hartree energy. For
the supercells with and without H, both ionic positions and
cell vectors were relaxed using 5× 10−5Eh a0−1 as conver-
gence limit of the forces for structural optimisations, where
a0=0.529 Å is the Bohr radius. All calculations were car-
ried out as spin-polarised. Additional computational de-
tails, relative to each specific systems, can be found in
Table 1.
2. Individual phases
In order to be able to investigate the Fe-VC interface as
well as the interaction with H, the fundamental properties
of individual elemental phases were computed. The inves-
tigated systems are summarised in Table 1 together with
the computational details used for the calculations.
For H2, two H atoms were inserted in a cubic box of
dimensions 13 × 13 × 13 a0. Since the system contains
only a single H2 molecule placed in a large simulation cell,
only one k-point was used. After structural relaxation,
the equilibrium interatomic distance for the H2 molecule
of 1.434 a0 was obtained, in agreement with other values
reported in the literature [24].
The structure of VC belongs to the space group Fm3̄m,
No. 225. The calculation of its lattice parameter is carried
out using the primitive unit cell containing 1 V and 1 C
atoms. A simultaneous structural minimisation of the cell
geometry and the position of the atoms using the Broyden-
Fletcher-Goldfarb-Shanno minimisation (BFGS) as imple-
mented in the software ABINIT was used to obtain the
equilibrium structure. A lattice parameter of 4.155 Å was
found, consistent with other experimental and theoretical
values available in the literature (see Table 2).
A similar procedure was followed for BCC V using a cell
containing one single atom (space group Im3̄m, No. 229)
and for C in its graphite structure (space group P63mc,
No. 186). The calculated lattice parameters for V and C
are 2.996 Å and 2.468 Å, 8.704 Å, respectively.
For Fe (ferrite), a cubic cell containing 16 atoms organ-
ised in a BCC structure was generated; this larger supercell
was necessary for accurate determination of the H disso-
lution energy (see below). A structural minimisation of
the system resulted in an equilibrium lattice parameter of
2.836 Å, consistent with other values found in the litera-
ture (see Table 2). In the case of other simulations of Fe
containing H, the same simulation parameters were used
as the ones shown in Table 1.
3. The pristine interface
3.1. Structure
The studied interface is formed between Fe(100) and
VC(100) crystals in the so called Baker-Nutting orienta-
tion relationship, which is frequently observed experimen-
tally for carbide precipitates with a B1 crystal structure
(rocksalt) embedded in a ferrite matrix (α) [2, 11, 46–48].
This misorientation is expressed as
(100)α ‖ (100)VC [010]α ‖ [011]VC (1)
In this orientation relationship the different lattice pa-
rameters of the two phases lead to a lattice mismatch
which, for precipitates larger than about 10 nm, is accom-
modated by misfit dislocations. Moreover experimental
observations suggest that it is possible to have a predom-
inantly coherent interface [8, 13]. For these reasons only
coherent interfaces were considered.
Additional to the relative misorientation of the grains,
which define the five macroscopic degrees of freedom
(DoFs) [49–51], three other microscopic DoFs that rep-
resent relative rigid translations of the grains need to be
defined. In order to find the most stable interface, differ-
ent possible rigid translations were tried. The most stable
configuration results to be that with the Fe atoms posi-
tioned right on top of the C atoms.
The atomic structure of the investigated interface is
shown in Figure 1. The supercell contains of 5 Fe, and
5 VC atomic layers; previous studies have shown that a
system of such size is sufficiently large for the accurate
calculation of the interfacial energy and of the dissolution









Figure 1: Front and side view of the interface between Fe and VC.
The system is composed of 20 Fe, 20 V and 20 C atoms, drawn in
orange, grey and black, respectively.
After the generation of the interface, a simultaneous
structural minimisation of the cell geometry and the po-
sition of the atoms was carried out. The resulting dimen-
sions of the system along the plane of the interface per
unit cell are 2.925 Å × 2.925 Å (for comparison, in refer-
ences [53] and [54] values of 2.909 Å and of 2.949 Å were
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Table 1: Calculation details for the DFT calculations performed. The units for the smearing temperature and the cut-off energy are Eh
Calculation details
k-point k-points Bands Smearing Cut-off
grid temperature energy
H2 1 2 0.0015 14
V 18×18×18 190 12 0.001 36
C 19×19×19 400 32 0.001 36
Fe 6×6×6 108 1156 0.0005 46
VC 9×9×9 85 15 0.001 36
Fesurface 6×6×2 36 450 0.0009 37
VCsurface 6×6×2 36 450 0.0009 37
Fe-VCinterface 6×6×2 36 450 0.0009 37
Table 2: Calculated values of the lattice parameters for VC, V, C and Fe. Theoretical and experimental values from literature are presented
for comparison when available. The units are [Å].
Lattice Parameters
Present work Theory Experiment
VC 4.155 4.155 [25]; 4.174 [26]; 4.107 [26]; 4.156 [27] 4.163 [28]; 4.169 [29]
4.164 [30]; 4.161 [31]; 4.160 [32]; 4.138 [29]
4.136 [33]; 4.095 [34]; 4.162 [34]; 4.129 [34]
V 2.996 3.032 [35]; 2.990 [35]; 2.988 [35]; 2.926 [35] 3.0399 [36]
2.999 [37]
C 2.468, 8.704 2.461, ∼9 [38]; 2.441, 6.664 [38]; 2.45, 6.6 [39] 2.456, 6.672 [40]
2.47, 7.5 [39]; 2.47, 7.0 [39]
Fe 2.836 2.833 [41]; 2.831 [42]; 2.835 [42] ; 2.767 [43] 2.853 [41]; 2.858 [44]; 2.855 [44]; 2.866 [45]
2.869 [43]
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found, respectively). This represents an expansion of the
lattice parameter of Fe of 3% and a contraction of 0.5% for
VC. As expected, the elastically softer Fe phase expands
to match the lattice parameter of VC. All the calcula-
tions of the Fe-VC interface, including those containing H
and/or C vacancies, were done using the parameters shown
in Table 1.
The calculation of the free surfaces is conducted in a
similar way, taking as a reference the system containing
the interface. The size of the system is defined based on
previous studies available in the literature where it has
been shown that, for similar systems, the surface energy
converges to within 0.05 J m−2 for slabs with 5 or more
layers of atoms [55].
In the case of VC, the Fe atoms are removed leaving
a slab of 5 VC atom layers with two free surfaces. The
dimensions of the simulation box along the interface plane
and the atom positions are then modified in such a way
that the previously calculated equilibrium bulk lattice pa-
rameter is respected. The size of the box perpendicular
to the interface is not changed. The same procedure is
adopted for the generation of the Fe surface.
As already mentioned for the Fe-VC interface, all the
calculations of the Fe and VC slabs, including those con-




The formation enthalpy of VC, Hf [VC], is calculated as
the energy difference between the total energy of bulk VC
and the sum of that of its composing elements [46, 56, 57]:
Hf [VyCx] =
E [VyCx]− yE [V]− xE [C]
y + x
(2)
where E [VyCx] is the total energy of VyCx, and E [V]
and E [C] are the total energies per atom of bulk V and
C, respectively. In the present work, a value of Hf [VC] =
−0.435 eV/atom was obtained, which is consistent with
other theoretical values available in the literature [57–60].
The negative value indicates that the formation of bulk
VC is energetically favourable with respect to the pure
elements. Note that at zero pressure and temperature the
total energy and enthalpy are equivalent.
3.2.2. Surface energies
In the case of the VC and Fe surfaces, the surface ener-
gies [61] were calculated using two different methods [62]:
the first one (unrelaxed) consists in calculating the total
energy of the system while keeping the atoms fixed in their
ideal bulk positions; the second one (relaxed), allows the
atoms to move –except for the atoms in the centre of the
slab– in order to find their most energetically favourable
positions. The dimensions of the simulation box are kept





Fe-Relaxed 2.49 2.25 [64]; 2.29 [63]
Fe-Unrelaxed 2.51 2.26 [64]; 2.32 [63]
VC-Relaxed 1.25 1.27 [55]
VC-Unrelaxed 1.63
fixed in both cases. The relation used for the calculation





where ENFe-slab is the total energy of a slab of N Fe atoms,
EFe-bulk the total energy of an Fe atom in the bulk, and
AFe-slab is the area of the surface. For the surface energy





where ENVC-slab is the total energy of a slab containing N
VC atom pairs, EVC-bulk is the total energy per VC atom
pair of the material in the bulk and AVC-slab is the area of
the surface.
The calculated surface energies for the relaxed and un-
relaxed cases of VC and Fe are presented in Table 3. The
results show that the relaxed surface energies are lower
than those for the unrelaxed surfaces. In both cases a good
agreement was found with other reported data [55, 63, 64].
3.2.3. Interfacial energy
The energy of the interface is calculated using the fol-
lowing equation [53]:
γFe-VC =
EFe-VC − nEFe-bulk −mEVC-bulk
2AFe-VC
(5)
where EFe-VC is the total energy of the interface system,
EFe-bulk the total energy per Fe atom in the bulk, EVC-bulk
is the total energy per VC atom pair in the bulk, m (n) is
the number of Fe atoms (VC atom pairs) in the interface
system and AFe-VC is the area of the interface.
For the interface under consideration the interface en-
ergy (γFe-VC) is −0.090 J m−2, comparable to the values
of −0.076 J m−2 and −0.120 J m−2 found in the litera-
ture [42, 54]. The negative value indicates that there is
a relatively strong bonding between VC and Fe, and that
the formation of the interface is energetically favourable
compared to the two separate bulk states [42, 53].
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4. H interaction with the interface
4.1. Solubility
The solubility of H in a given system can be charac-
terised by the dissolution energy ∆ES , which is defined
as [65, 66]:




where ESystem is the total energy of a given system,
ESystem+H is the total energy of the same system but con-
taining one interstitial H atom, and E[H2] is the energy of
an H2 molecule in vacuum.
Calculations of the dissolution energy were performed
first for H present in the octahedral and tetrahedral po-
sition of a Fe cubic supercell containing 16 atoms. Cal-
culations were also done for H in two different positions
in the Fe-VC interface plane, corresponding to sites with
similar symmetry to the octahedral and terahedral sites in
Fe bulk, but with one of the vertices substituted with a V
atom (see Figure 2). In all cases, a structural relaxation
of the atomic positions and of the lattice vectors is carried
out. The resulting dissolution energies are presented in
Table 4.
Figure 2: Detail of the octahedral (left) and tetrahedral (right) po-
sitions of H in the Fe-VC interface. Fe is drawn in orange, V in grey,
C in black and H in white.
In the case of bcc Fe, the calculated dissolution ener-
gies are consistent with those from other calculations, see
Table 4. The dissolution energy for the tetrahedral site
is lower than that for the octahedral site, meaning that
H atoms will have the tendency to occupy the tetrahedral
site. Indirect experimental evidence also favours tetrahe-
dral occupancy [67].
A similar trend is found when comparing the octahedral
and tetrahedral sites in the interface. The lower energy of
the tetrahedral site shows that H will preferably segregate
towards this site. Also, the lower dissolution energies of
H at the interface indicate that the interfacial regions are
more favourable for H than the bulk interstitial sites, and
that it will have the tendency to segregate towards the
interface.
In addition to the perfect interfaces, the segregation of
H at C vacancies in the vicinity of the interface was also
investigated. Two configurations were considered: in the
first one, a C atom from the interface plane was removed;
Table 4: Dissolution energies (∆ES) for a single hydrogen particle
in different systems. The calculation of the dissolution energy is




FeOctahedral 0.303 0.32 [66]; 0.34 [69]
0.36 [70]; 0.36 [71]
FeTetrahedral 0.173 0.16 [14]; 0.19 [71]






in the second one, the second closest C atom from the
interface was removed (which will be referred to as vacancy
in bulk VC). It was found that these two configurations
have the lowest dissolution energies among the analysed
sites, making them the strongest trapping sites for H (see
Table 4).
We compare our results with similar calculations from
the literature but for a system containing an interface be-
tween Fe and TiC [14] (instead of VC). We see that, quali-
tatively, the trends are the same: the deepest trap for a H
atom is a C vacancy in the bulk of the precipitate, followed
by a vacancy at the interface. This is consistent with ex-
perimental findings that substoichiometric TiC allows the
insertion of atomic H [68]. Similar to our results with VC,
they also conclude that, at the interface, the tetrahedral
position is more stable than the octahedral one.
4.2. Trap escape energy
Recent characterisation work [13] of a vanadium-carbide
precipitation-steel using Atom Probe Tomograpy (APT)
and hydrogen Thermal Desorption Spectroscopy (TDS)
analysis found that there are two possible types of H
traps resulting from the presence of VC precipitates in
steels. The deeper trapping energy was estimated to
be 59.6± 10.0 kJ mol−1 (0.618± 0.100 eV) and was at-
tributed to the interface carbon vacancy. The shallower
trapping energy was estimated to be 24.8± 5.0 kJ mol−1
(0.257± 0.050 eV) but its origin could not be clearly de-
termined. And independent analysis of the same experi-
ments using the generalised Kissinger equation gives val-
ues of 42.6± 0.7 kJ mol−1 (0.442± 0.007 eV) for the deep
traps and of 23.5± 1.2 kJ mol−1 (0.244± 0.012 eV) for the
shallow ones [72].
To compare our results with the experiments, we follow
the method proposed in [14]. We calculate the trap escape
energy (∆EE), which is the energy needed for H to escape
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from a given trap to bulk Fe:
∆EE = − (∆ES −∆ES [FeTetrahedral]) + ∆Emig (7)
where ∆Emig is the energy barrier for H migration in
Fe and is considered to be equal to its bulk value of
0.09 eV [73]. Note that this equation is valid for H at
the interface or in a C vacancy at the interface, but not
for H trapped in a vacancy in bulk. For the latter case, it
would be necessary to include the segregation and migra-
tion energies of H in bulk VC.
We calculate the trap escape energy for H in a C
vacancy at the interface (∆EE [Fe-VCC-Vacancy-interface])
and in the tetrahedral position at the perfect interface
(∆EE [Fe-VCTetrahedral]). We obtain values of 0.645 eV and
0.196 eV, respectively.
The calculated value of ∆EE [Fe-VCC-Vacancy-interface]
agrees with the experimentally measured deeper trapping
energy (0.645 eV vs 0.618± 0.100 eV), which was also at-
tributed to the the interface carbon vacancy [13].
Our calculated value of ∆EE [Fe-VCTetrahedral] is akin to
the shallower trap that was found experimentally (0.196 eV
vs 0.257± 0.050 eV). This leads us to suggest that the
shallower trap, whose origin is still debated in the litera-
ture, comes from the H trapped at the coherent boundary.
4.3. Crack formation
In order to check if the presence of H in the interface
facilitates the formation of a crack along it –and, thus,
the embrittlement of the material–, the work of separa-
tion [74, 75] of the interface with and without H are con-
sidered. The work of separation can be interpreted as the
excess energy needed for the separation of the two grains
along the interface and it corresponds to the energy differ-
ence between the fractured surfaces and the interface. In
this sense, a change in the work of separation represents
a change in the brittleness of the interface. Here it is im-
portant to note that, especially in ductile materials, the
mechanical work needed to separate an interface can be
larger than its work of separation [76].
In the case of the pristine Fe-VC interface, the work of
separation WFe-VC is given by
WFe-VC = γVC-surf + γFe-surf − γFe-VC (8)
where γVC-surf and γFe-surf are the surface energies of VC
and Fe respectively and γFe-VC is the energy of a VC-Fe
interface.
In the case of the H containing interface, the system with
the H atom in the tetrahedral site is considered (see Figure
2) due to its lower dissolution energy. For the behaviour of
H after the separation of the interface, two cases are con-
sidered: in the first one, it is assumed that after fracture
the H atom stays attached to the Fe surface (after relax-
ation the H atom moves from the tetrahedral to the more
energetically stable octahedral position on the surface). In
this case the work of separation is given by
W(Fe+H)-VC = γVC-surf + γFe-surf+H − γFe-VC+H (9)
where, γFe-surf+H is the energy of a Fe slab with an H
atom on the surface and γFe-VC-H is the energy of a VC-Fe
interface with an H atom in the tetrahedral position.
In the second case, it is assumed that once the two free
surfaces are formed, H detaches from the Fe surface. The
work of separation WFe-VC-H is then given by




where E[H2] is the energy of an H2 molecule in vacuum
and AFe-VC is the area of the interface.
The resultant values of the work of separation
are 3.83 J m−2, 3.93 J m−2 and 3.74 J m−2 for WFe-VC,
W(Fe+H)-VC and WFe-VC-H, respectively. Note that al-
though in the case ofW(Fe+H)-VC there is a slight decrease
in the work of separation, even with the most pessimistic
assumption its reduction is around 2%; this value is neg-
ligible considering the high concentration of H that was
used in the calculations.
5. Conclusions
In the present work, a density functional theory study of
H interaction with perfect and defective (100)Fe/(100)VC
interfaces was carried out. The calculations show that the
perfect coherent interface traps H only weakly, but much
stronger trapping can be expected at C vacancies, both
at the interface and in VC bulk. Thermodynamic esti-
mates based on the work of separation show a negligible
influence of H on the interface strength but more elabo-
rate treatment is necessary for a more reliable prediction.
The presented theoretical results are consistent with those
obtained for other carbides, in particular with titanium
carbide (TiC) [14], and with experimental findings. Nev-
ertheless, more work is still needed to fully resolve the
positive role of carbide precipitates on the improved resis-
tance of steels to hydrogen embrittlement [2].
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